density and organization associated with volumetric changes in discrete regions. An understanding of the functional significance of variation in neural circuitry can further be approached through studies of atypical human development. Many neurodevelopmental disorders cause disruption in systems associated with uniquely human features of cognition, including language and social cognition. Understanding the genetic and developmental mechanisms that underlie variation in the human cognitive phenotype can help to clarify the functional significance of interspecific variation. By uniting approaches from comparative neuroanatomy and neuropathology, insights can be gained that clarify trends in human evolution. Here, we explore these lines of evidence and their significance for understanding functional variation between species as well as within neuropathological variation in the human brain.
Introduction
For primates, as particularly social mammals, the complexity of the social environment has been suggested as a principal driving force in the evolution of advanced cog-nitive faculties [Humphrey, 1976; Byrne and Whiten, 1989; Dunbar, 1998 ], encouraging the evolution of increased size and greater complexity in brain areas associated with social cognition, and the understanding of interindividual relationships among conspecifics. The challenges that a dynamic and hierarchical social environment present have fostered the development of advanced capacities for behavioral flexibility [Strier, 2006] , inhibitory control of behavior [Amici et al., 2008] and associative learning [Haber et al., 2006; Williams et al., 2006] across primate lineages. Precipitous gains in object-focused intelligence and tool use [Byrne, 2004; Whiten and van Schaik, 2007] , as well as language use [Tomasello et al., 1997; Deacon, 1997] , and increased capacity for social learning through imitation [Call and Tomasello, 1995; Subiaul, 2007] and theory of mind [Povinelli and Eddy, 1996; Hare, 2007] have further characterized uniquely human features of human cognition and be havior.
By utilizing a comparative approach, we can better understand the differences in the brain's anatomy that underlie these key cognitive specializations. In addition to overall changes in brain size [Falk et al., 2000; Holloway, 2004] and the expansion of the cerebral cortex [Rilling and Insel, 1999] , volumetric studies at the gross level have shown modifications that suggest reorganization in certain regions of the human brain [Barton and Harvey, 2000; Aldridge, 2011] . While humans and apes share a large frontal cortex [Semendeferi et al., 2002; Bush and Allman, 2004; Barton and Venditti, 2013] , volumetric differences in certain areas suggest reorganization in areas of the prefrontal cortex [Semendeferi et al., 2001; Smaers, 2013; Passingham and Smaers, 2014] . Reduction in the size of the primary visual cortex [Holloway et al., 2003] , coupled with the expansion of nearby parietal cortices [Bruner, 2010] , additionally seem to suggest a trade-off in the relative sizes of these regions. Furthermore, major bilateral expansion of the temporal lobes has been observed [Semendeferi and Damasio, 2000; Rilling and Seligman, 2002] . Increases in white matter volume have been noted in areas of the prefrontal cortex [Smaers et al., 2010 ; but see also Sherwood et al., 2005] and broadly in the gyral regions of the cortex as compared to the core [Schenker et al., 2005] , suggesting important differences in local connectivity among cortical regions. With regard to long-range connectivity among regions, increases in fractional anisotropy have been noted in the arcuate fasciculus [Rilling et al., 2008 [Rilling et al., , 2011 , associated with an increased density of fiber tracts connecting areas involved in language use and production, along with important differences in fiber terminations in expanded association territories. Associations between frontal white matter volume and basal ganglia volume further show evidence for humanspecific increases in frontostriatal connectivity underlying key differences in executive control [Smaers et al., 2010] .
Differences in volume and connectivity in functional areas are likely reflected in subtle yet important changes at the level of cellular organization. Indeed, differences in cytoarchitecture have been observed in certain areas of the prefrontal cortex, including increased neuropil spacing in human frontopolar (Brodmann's area; BA 10) and frontoinsular cortices as compared to chimpanzees [Spocter et al., 2012] . Increased spacing between cortical minicolumns in the human frontal pole provides further evidence for reorganization in this region, suggesting differences in cellular organization and morphology related to its relative increase in size [Semendeferi et al., 2001] . These species differences in BA 10 in adults seem to reflect important changes in development: whereas horizontal spacing distance between cortical minicolumns increased with age pre-versus postweaning in human subjects, similar increases were not observed in chimpanzees [Teffer et al., 2013] . Increased dendritic branching of pyramidal neurons in BA 10 [Bianchi et al., 2013] seems to correlate with this trend toward increased space, presumably to accommodate increased connections between cells. Wider minicolumn spacing in development may necessarily correspond to expanded surface area [Rakic and Kornack, 2001] . Indeed, differences in white matter density seem to reflect regionally specific differences in connectivity [Schenker et al., 2005] , and disruption in cortical layering patterns is also reflected in gyral convolutions [van Essen, 1997; Hilgetag and Barbas, 2006] . Therefore, differences observed at the level of individual cortical layers and neurons across several primate species can provide insights into evolutionary changes underlying gross anatomical variation across taxa.
Increasingly, studies targeting neurodevelopmental disorders characterized by perturbations of gross morphology of the brain also find differences in its intrinsic microstructure. For example, narrower minicolumn spacing has been noted in the prefrontal cortex of individuals with autism [Casanova et al., 2002 [Casanova et al., , 2006 Buxhoeveden et al., 2006] , which may contribute to selective deficits in the executive function and social engagement characteristic of the disorder. A developmental shift to wider minicolumn spacing in the frontal pole postweaning is a feature of human, but not chimpanzee cortical development [Teffer et al., 2013] . We can therefore expect that this important developmental event affects cellular morphology in a way that, in turn, influences cellular function, affecting important features of cognition and behavior that are impaired in autism [Courchesne et al., 2011] . Thus, variation in development observed within the human species could be of significance for understanding the functional implications of differences in cognition between species.
Uniting approaches from the study of neurodevelopmental disorders and comparative evolutionary neuroanatomy offers powerful tools for understanding the genetic, developmental and neuroanatomical influences on the human cognitive and behavioral phenotype. Here, we will discuss variation in cortical and subcortical microstructure both between hominoid species (i.e. apes and humans), and among pathological variations in the human neuroanatomical phenotype, drawing parallels in morphology and function to elucidate mechanisms that underlie inter-and intraspecific variability in cognition and behavior. Some neurodevelopmental disorders may provide better models than others for understanding functional implications of neurodevelopmental abnormalities, such as autism and schizophrenia, due to their specific influences on uniquely derived human cognitive traits and social behaviors. Given its well-characterized genetic etiology and consistent social and cognitive phenotype, we will further argue that Williams syndrome can provide an ideal model for understanding variation in the human neuroanatomical phenotype underlying important behavioral specializations.
Pyramidal Neurons: Morphology, Functional Considerations and Evolutionary Importance
Focus on specific neuronal subtypes offers possibilities for more detailed insights into the processing capabilities of a particular cortical area or a specific cortical layer, and their variation in homologous areas across taxa. Ultimately, this focus elucidates our understanding of genetic mechanisms underlying the observed morphological variations. This allows for analyses of evolutionary scenarios directed specifically at neurons as information-processing units, their organization and morphology as indicative of the nature of the networks they form, and variation reflecting selective pressures favoring a particular type of cortical organization in a taxon. In the cortex of mammals, pyramidal neurons represent the main morphological class of neurons, accounting for 70-85% of all cortical neurons [DeFelipe and Fariñas, 1992] . Pyramidal neurons form basic units of cortical microcircuitry, determining the pattern of information flow within a particular cortical area or a cortical layer [DeFelipe et al., 2002] . Although variation in functional properties of pyramidal neurons does exist [e.g. Chagnac-Amitai et al., 1990; Connors and Gutnick, 1990; Mainen and Sejnowski, 1996] , they are nevertheless unified by their morphology. They are typically characterized by a pyramidal-or ovoid-shaped soma, one apical dendrite directed toward the pial surface, several basal dendrites emerging from the sides of the soma, a single axon emerging from the soma or proximal parts of basal dendrites, and the presence of spines representing excitatory inputs onto dendritic surfaces ( fig. 1 ) [DeFelipe and Fariñas, 1992; Nieuwenhuys, 1994; Spruston, 2008] .
Across species, pyramidal neurons vary in the length of dendrites and branching complexity, and in the number and density of dendritic spines [Cupp and Uemura, 1980; Jacobs et al., 1997; Elston and Rosa, 2000; Elston et al., 2001; Jacobs et al., 2001; Elston et al., 2005a; Elston, 2007; Bianchi et al., 2012] . Within the cortex of primate species examined to date -notably macaques, chimpanzees and humans -pyramidal neurons vary across functionally distinct cortical areas, displaying less elaborated dendritic arbors in primary and unimodal areas (e.g. BA 4, BA 3-1-2) and more complex arbors and a higher number of spines in association areas, such as the prefrontal cortex [Cupp and Uemura, 1980; Jacobs et al., 1997 Jacobs et al., , 2001 Elston, 2007; Bianchi et al., 2012] . In addition, pyramidal neurons represent sites of plasticity in the cortex, and their modifications have been reported in various mammalian species, both in developing and in already established networks, as a response to numerous environmental manipulations [Bryan and Riesen, 1989; Cook and Wellman, 2004] . In humans, modifications occur in several cognitive disorders, including, among others, autism spectrum disorder (ASD), Rett syndrome (RTT), Down syndrome, and schizophrenia [Marin-Padilla, 1972 Belichenko et al., 1994a; Garey et al., 1998; Glantz and Lewis, 2000; Hutsler and Zhang, 2010] .
Prior or in parallel to expanding the analysis of pyramidal neurons from an evolutionary perspective, two concepts deserve further consideration. These are, first, a potential uniqueness of pyramidal neurons in humans, in particular morphological changes compared to those ob-served in other mammalian species in response to the same set of environmental inputs and, second, the functional aspects behind neuronal morphology that can be inferred from aberrations in neuronal morphology in cognitive disorders with specific behavioral profiles compared to unaffected individuals. These concepts highlight the need for studies examining the morphology of the neurons across different species of primates in a manner that would allow for comparisons across studies. To date, very few primate species have been examined in this way ( table 1 ) , and expanding comparative studies across mammals and in human neurological disorders can enhance previous findings.
Pyramidal Neurons in Mammals: Morphological Variation across Species
An important feature of pyramidal neurons in primates is the difference in morphological complexity across functionally distinct cortical areas and cortical layers [Jacobs et al., 1997; Elston and Rosa, 2000; Elston et al., 2001; Jacobs et al., 2001; Elston et al., 2006; Petanjek et al., 2008; Bianchi et al., 2012] , with neurons displaying more complex dendritic branching and greater numbers of synaptic inputs located in association cortices compared to those of unimodal cortical areas. Interestingly, even within the same level of func- tional hierarchy, and within the same macroscopically defined area, pyramidal neurons can differ in their morphological complexity. In the human cortex, for example, although pyramidal cells in upper layer III in both BA 10 and BA 11 of the prefrontal cortex display more elaborated arborizations and a higher number of spines than those in low integration areas, BA 11 neurons are typically less complex than BA 10 neurons, being the least complex among the neurons in high integration areas [Jacobs et al., 2001] . Although BA 10 and BA 11 differ cytoarchitectonically, in their connectivity, and presumably in function [Barbas et al., 1991; Barbas, 1995] , both form part of the prefrontal cortex, an integration area implicated in a number of complex cognitive tasks. While BA 10 underwent an increase in size [Semendeferi et al., 2001] and changes in its organization during the course of human evolution, the evolutionary trajectory of BA 11 is currently unknown. It remains to be explored whether the two areas solved the need for complex processing differently, with one area increasing the space available for neuronal connectivity, allowing for greater complexity of pyramidal arbors, and the other possibly favoring less elaborated but more densely packed neurons [Schlaug et al., 1993; Barbas and Hilgetag, 2002] . This possibility was also proposed by Zeba et al. [2008] in their analysis of lower layer III neurons in the prefrontal cortex (BA 9), Broca's area (BA 45), and primary motor cortex (BA 4) in humans. Unlike their upper layer counterparts, large pyramidal neurons in lower layer III did not display differences in length, branching complexity, or in the number or distribution of dendritic spines across the three functionally distinct areas. Instead, the authors noted that these areas differed in the density of long-distance-projecting neurons labeled with SMI-32 antibody against nonphosphorylated epitopes of neurofilament protein. The highest density of SMI-32-positive neurons was reported in BA 9, followed by Broca's area and BA 4. In BA 4, the majority of long-projecting neurons were located in layer V, whereas, in the other two areas, SMI-32-positive neurons were found in lower layer III. Zeba et al. [2008] proposed that instead of increasing complexity of dendritic arbors in individual neurons, the need for functional complexity might have been served by increasing the ratio of the most complex neurons. This hypothesis raises additional possibilities to test the interplay between the structure and function of pyramidal neurons on one hand, and the processing demands of a particular cortical area on the other.
Analyses of postmortem tissue suggest that different aspects of dendritic morphology emerge and stabilize at different ages, and current research, although based on a small sample of primate species, suggests that humans display a delay in the maturation of pyramidal neurons compared to other primates [Petanjek et al., , 2011 Bianchi et al., 2013] . Dendrites of pyramidal neurons in the developing chimpanzee prefrontal cortex (BA 10) remain shorter and less spinous compared to primary processing areas (BA 3, BA 4) throughout infancy and the juvenile period, and increase in their complexity after the age of 9 years [Bianchi et al., 2013] . In comparison, although the main period of dendritic development in the human prefrontal cortex (BA 9) is centered around the first few postnatal years, further growth of dendritic trees in prefrontal cortex pyramidal neurons continues throughout childhood and adolescence . As developing neurons are more plastic than neurons in mature networks, the developmental delay observed in humans may underlie delayed cognitive maturation. This prolonged period of neuronal development potentially allows additional time for learning skills and behaviors needed to navigate a complex social environment, and the acquisition of cultural tools necessary for successful survival. Although large-scale changes in the morphology of dendritic trees tend to diminish with age, smaller changes continue to occur throughout life, thus providing life-long plasticity in the cortex.
Dendritic modifications in response to environmental influences, as well as chemical and behavioral manipulations, have been reported across mammals of various ages [Volkmar and Greenough, 1972; Globus et al., 1973; Uylings et al., 1978; Greenough et al., 1979; Bryan and Riesen, 1989; Cook and Wellman, 2004; Brown et al., 2005] , with pyramidal neurons responding by modifying different aspects of their morphology, depending on the cortical area and laminar location. Most importantly, the effects appear to vary depending on the age of animals and across species, and the same type of stressor does not necessarily invoke the same -or even similar -modifications of pyramidal neurons in the human as in the rodent cortex ( table 2 ; see in particular the discussion about neuronal modifications following callosotomy in humans as compared to rabbits below). Studies in rats, for example, have suggested that apical dendrites appear more prone to changes in response to both acute and chronic stress as compared to basal dendrites [Cook and Wellman, 2004; Brown et al., 2005] . Reductions in apical dendrites were noted in the total length and number of branches, especially the number of terminal branches in layer II/III py-ramidal neurons in the rostral cortex, while the morphology of basal dendrites remained unaffected. Interestingly, neither the density nor morphology of spines changed in response to acute stress in mature animals [Cerqueira et al., 2007] , whereas, in developing pups, the effects varied depending on the animal's age.
In rats born to mothers exposed to stress during pregnancy, the density of spines was reported to have decreased along apical dendrites of pyramidal neurons in the anterior cingulate cortex, whereas spines on basal dendrites did not appear affected. In the orbitofrontal cortex, spine density changed in both basal and apical dendrites, and the length of apical dendrites decreased in both cortical regions. The middle dendritic segments were mostly affected in the orbitofrontal and distal segments in the anterior cingulate cortex [Murmu et al., 2006] . Exposure to stress during the first 3 postnatal days resulted in a decreased density of spines on basal and apical dendrites in the anterior cingulate, and a decreased length of apical dendrites. The same condition resulted in an increased density of spines on basal dendrites and their elongation in 2-week-old rats, while apical dendrites did not exhibit any change in response to stress during the same developmental period [Bock et al., 2005] . At the same time, the density of spines increased in the primary somatosensory cortex, regardless of the age of the animals [Bock et al., 2005] . Similar findings were reported in the degu (Octodon degus) , where deprivation during the first 3 postnatal weeks resulted in longer and more spinous apical dendrites, but no change in the length of dendrites if the pups were removed from their mothers and siblings after weaning [Helmeke et al., 2001] .
Reports suggest that positive experiences similarly influence the morphology of pyramidal neurons, with the effects again differing between cortical areas and cortical layers. Exposure to an enriched environment, for example, is associated with an increased density of spines on basal dendrites [Globus et al., 1973] , as well as with increased basal dendritic branching and increased length of terminal dendritic segments on neurons in the occipital cortex of rodents [Uylings et al., 1978] . An increase in dendritic complexity is also associated with exposure to maze training, with the effects again mostly localized to 142 distal segments, in this case of apical dendrites [Greenough et al., 1979] . Higher-order dendritic branching appears more elaborated in the occipital cortex [Volkmar and Greenough, 1972] and branching complexity of basal dendrites in the temporal cortex [Greenough et al., 1973] of rats reared in a complex environment. Different rearing conditions appear not to influence the morphology of pyramidal neurons in the rodent frontal cortex [Greenough et al., 1973] , which raises an important issue given the integrative role of prefrontal regions in primates and the robustness of certain morphological features of BA 10 neurons in older human subjects [Jacobs et al., 1997] . Taken together, rodent studies support the notion that environmental influences are capable of promoting remodeling of pyramidal neurons, and that these effects differ across functionally and hierarchically different cortical areas, and vary with respect to the age of the animals. Studies employing a similar experimental design cannot be performed in humans and most non-human primates (but see Jacobs et al. [1993] for the possible influence of formal education on dendritic complexity). However, before extrapolating from rodent studies about environmental effects on the morphology of neurons in the cortex of primates, it remains to be determined whether pyramidal neurons in different species respond to the same stimuli differently, depending on the connectivity of a particular area and laminar location of the neurons.
A comparison of morphological changes in the human and rabbit cortex following callosotomy suggests that, indeed, the modifications in the morphology of pyramidal neurons differ in humans compared to other animals. In the cortex of patients who underwent treatment for seizures, Jacobs et al. [2003] reported the presence of pyramidal neurons in layer III with unusually long, branched and spinous basal dendrites that descend deep into subgranular layers. These dendrites were particularly common in Broca's area [Jacobs et al., 2003] , that is, the area losing numerous interhemispheric connections following callosotomy from its homologue in the right hemisphere and from the right inferior temporal cortex [Di Virgilio and Clarke, 1997] . The abnormal basilar dendrites, as the authors suggested, possibly represent an attempt of the neurons to maintain their function after losing cross-callosal inputs by increasing the area available for connections within the same hemisphere. Interestingly, Jacobs et al. [2003] also noted that spine loss, typical of epileptic tissue, was not present in the brains of patients several decades after seizures had ceased, suggesting again the ability of neurons to 'repair' their morphology after factors influencing their reorganization had disappeared. In contrast, callosotomy in rabbits resulted in a decrease in spine numbers on oblique branches of apical dendrites in the parietal cortex, with little change to the morphology of basal dendrites [Globus and Scheibel, 1967a] . Beyond the basic suggestion that the cortex of each species may respond differently to the same stressor (e.g. loss of cross-callosal connections) depending on the connectivity of a particular cortical area, it remains difficult to extend conclusions based on the limited number of studies. However, the existing data do suggest that attempts to discern the structure-function relationship based on the response observed in one species remain problematic, and should be approached with caution.
Pyramidal Neurons in Humans: Insights from Neurodevelopmental Disorders
Anomalies in dendritic morphology have been reported in various cognitive disorders, in response to exposure to toxins, medications and injury, as well as in both normal aging and dementia ( table 3 ). The morphology of pyramidal neurons in mental retardation and other cognitive disorders attracted attention during the 1970s with the studies of Huttenlocher [1970 Huttenlocher [ , 1974 and Purpura [1974] of the developing cortex in unspecified mental retardation cases, and the study of Marin-Padilla [1972] of the developing motor cortex in Down syndrome and Patau syndrome. During the 1970s and 1980s, morphometric analyses remained focused on the conditions with distinct behavioral phenotypes and a clear genetic component and, to date, pyramidal neurons in the conditions with chromosomal aberrations remain the most researched among neurodevelopmental disorders. Pyramidal neurons in neurodevelopmental disorders seem to display differences compared to control subjects, which may be specific to a particular disorder ; but for similarities across different pathologies see also Kaufmann and Moser, 2000] . In addition, the effects on the organization of dendrites tend not to be equally distributed across functionally distinct cortical areas. Pyramidal cells are differently affected in specific areas, as well as within particular layers. Neurons in patients with ASD, for example, tend to display an increased density of spines compared to typical subjects of the same age [Hutsler and Zhang, 2010] . However, the pathologies are present in layer III across several cortical areas (BA 7, BA 9 and BA 21), whereas cortical layer V appears affected in BA 21, with no changes between ASD subjects and controls observed in the other two areas [Hutsler and Zhang, 2010] . Of particular interest for evolutionary studies are disorders with impairments in specific aspects of social function. The ability to successfully navigate one's social environment has been proposed as an important pressure shaping the evolution of the human brain [Dunbar, 1998 ]. The behavioral phenotype, coupled with microstructural changes in these disorders, provides insights into the relationship between the organization of microcircuitry in areas subserving processing of social information and their behavioral correlates. In addition to the pathologies in the morphology and number of dendritic spines in autism discussed above, deficiencies in RTT, a disorder previously classified under ASD and characterized by a specific MECP2 mutation, display various other modifications. Variation across functionally different cortical areas, as seen in controls, are absent in RTT [Belichenko et al., 1994a] . In the prefrontal cortex (BA 10), supragranular layers (layers II/III) appear more affected than the infragranular layers (V/VI), whereas in BA 4 the effect is the opposite, with layers V/VI being more affected than layers II/III. Differences between RTT patients and controls appear equally distributed in both supra-and subgranular layers in Wernicke's area (BA 22). The number of spines, however, was consistently reduced across all cortical layers [Belichenko et al., 1994a] . Preliminary analyses have suggested that the typical variation in dendritic complexity of pyramidal neurons across functionally different cortical areas may also be compromised in Williams syndrome , a disorder displaying social and linguistic features in many respects opposite to that of ASD and RTT.
Application of the induced pluripotent stem cell (iPSC) technique, capable of reprogramming somatic tissue and potentially generating species-specific neuronal cells in vitro, opens the possibility to extend evolutionary analyses beyond morphological descriptions. The technique has been applied in the analysis of neural disorders -for example, neurons obtained from fibroblasts of RTT patients successfully replicated the morphology of pyramidal neurons and provided insights into functional characteristics, including analyses of the neuronal progenitor cell cycle, measurements of calcium transient activity, and postsynaptic currents associated with morphological modification. In addition to changes in morphology, reprogrammed RTT neurons displayed electrophysiological deficits and altered calcium signaling compared to controls [Marchetto et al, 2010] . The iPSC technique was also utilized in modeling disorders of multicausal origin, for example, schizophrenia [Brennard et al., 2011] , and in Williams syndrome [Chailangkarn et al., 2013] . Neurons derived from reprogrammed cells replicated the morphology of neurons typical of the disorder, and additional analyses of the cells revealed functional differences between pathological and control neurons. The combination of the two different approaches -postmortem morphological analyses of cortical neurons and analyses of neurons using iPSCs -provides a fertile ground for evolutionary studies , and offers a possibility to surpass the limitations imposed upon comparative neuroanatomy in examining functional correlates of the observed morphological differences.
Beyond Pyramidal Neurons: Inhibitory Interneurons in the Cortex
While pyramidal neurons are the most ubiquitous neuron type in the cerebral cortex, a diverse array of interneuron subtypes act locally to modulate the activity of these pyramidal cells. In the primate cerebral cortex, approximately 15-30% of neurons are inhibitory, GABAergic interneurons [DeFelipe, 1997; . Inhibitory interneurons of the cerebral cortex serve an important role in modulating excitatory neuronal function, including control of rhythmic oscillations across assemblages of pyramidal neurons [DeFelipe, 1997] important for the regulation of spike-timing-dependent synaptic plasticity. GABAergic interneurons additionally regulate subcortical input to the cortex [Hendry et al., 1987; Porter et al., 2001] .
In the cortex, the calcium-binding proteins calbindin (CB) D-28k, calretinin (CR), and parvalbumin (PV) colocalize with GABA in 90-95% of interneurons. These interneurons display a variety of morphological types, including PV-reactive chandelier and large basket cells, CBreactive double bouquet cells, CR-reactive bipolar double bouquet cells, and some Cajal-Retzius cells. The exact morphology and pattern of synaptic formation of each class of GABAergic inhibitory interneurons varies relative to the cortical region and layer in which it resides, but can be distinguished according to general patterns [Ascoli et al., 2008; DeFelipe et al., 2013] . Functionally distinct types of inhibitory interneurons, characterized by differences in immunohistochemical markers and postsynaptic morphology, owe their distinctive traits to differences in their origin and regulation during fetal development [Wonders and Anderson, 2006] .
Maintaining the delicate balance between excitatory and inhibitory neuronal activity is essential for proper brain function. Many neurodevelopmental disorders have been shown to involve disruption in the balance between excitatory and inhibitory cortical neurons, as revealed through postmortem anatomical studies, and differential activity, as measured in vivo in animal models of these disorders [Marín, 2012] . Many of these disorders differentially affect certain cognitive faculties that are particular to the human behavioral phenotype, including language use and complex aspects of social cognition. Schizophrenia, for example, is a severe psychiatric disorder characterized by delusions and hallucinations, in addition to cognitive deficits in attention and working memory, as well as major deficits in social behavior and recognition of affect [Green and Horan, 2010] . Recent research has shown that schizophrenia's unique symptoms are the result of vulnerabilities associated with recent adaptive genomic changes associated with the human neurocognitive phenotype [Crow, 2000; Crespi et al., 2007; Khaitovich et al., 2008] . Specifically, the rapid evolution of certain traits, including linguistic capacity [Crow, 1998 [Crow, , 2000 and advanced aspects of social cognition, such as empathy and mentalizing [Brüne, 2005; Burns, 2006] and executive function, which are severely affected in schizophrenia, point to derived features of human neurobiology supporting these unique faculties. Cognitive effects of schizophrenia seem to point to the involvement of a breakdown in synchronization of gamma oscillations in the dorsolateral prefrontal cortex. These electrophysiological data implicate dysfunction in fast-spiking, PV-positive inhibitory interneurons, which are reportedly decreased in number [Benes, 1991] . More nuanced mechanisms are likely also involved: in PV-positive basket cells, decreased expression of GAD67, an enzyme associated with GABA transmission, underlies inefficacy in the inhibitory control of pyramidal neurons [Lewis et al., 2012] . A variety of other genes are likely involved in the dysfunction of PV-positive basket cells, and animal models of the disorder have highlighted the involvement of several promising candidate genes in their dysfunction [Marín, 2012] .
ASD additionally affects aspects of social cognition that merit study in a comparative framework, and associated pathophysiologies point to the involvement of interneuron dysfunction in these disorders. Functional studies [Orekhova et al., 2007; Dinstein et al., 2011] have shown disruptions in oscillatory frequencies, particularly in response-inhibition tasks [Rubenstein and Merzenich, 2003; Yizhar et al., 2011] that implicate dysfunction in the balance of inhibitory and excitatory neuronal activity. Reductions in GABAergic receptors in the anterior and posterior cingulate cortices, as well as the fusiform gyrus, have also been demonstrated in autism [Oblak et al., 2009 [Oblak et al., , 2010 [Oblak et al., , 2011 . Postmortem histological investigations have found reductions in the number of PV interneurons in the dorsolateral prefrontal cortex, specifically BA 9, in a small sample of autistic patients [Zikopoulos and Barbas, 2013] . Additionally, this study found that the overall ratio of PV versus CB interneurons showed a decrease by nearly one third, suggesting decreased inhibitory efficacy in local networks. A relative increase of PV interneuron ratios is a derived trait in the primate cortex, as compared to other mammalian species [Dombrowski, 2001] . This could have interesting implications for derived features of inhibitory control that underlie social cognition, such that cellular mechanisms contributing to inhibitory control of behavior could have been a target of selection, of particular importance for animals living in hierarchical social groups [Amici et al., 2008] . Many other cortical areas, including the fusiform face area, show evidence for disrupted synchrony between alpha and gamma oscillatory frequencies [Buard et al., 2013] , which further implicate PV interneuron dysfunction. It is likely that the downstream effects of the decrease in PV interneurons in BA 9 are systemic in nature, and contribute to both local and global dysfunction in mechanisms of attention and cognition [Zikopoulos and Barbas, 2013] .
Whereas multiple molecular and environmental mechanisms have been shown to contribute to autism and schizophrenia, other disorders with a more clear-cut genetic etiology show evidence for pathologies of interneuron function that affect social cognition. In fragile X syndrome, for example, a reduction in numbers of interneurons have been noted, as well as a reduction in numbers of GABA receptors, likely mediated by a global reduction in the expression of GAD65 and GAD67 [Mulle et al., 2007; Curia et al., 2009] . Similar mechanisms seem to underlie deficits in learning and memory in RTT, where decreased levels of cortical GABAergic transmission cause impairments in inhibitory function [Chao et al., 2010] . Further study of the associated perturbations of inhibitory function in disorders characterized by known genetic deletions will help to elucidate mechanisms of interneuronal function that underlie differences in cognition.
Studying the developmental and genetic mechanisms that underlie disorders affecting uniquely human aspects of cognition can provide an essential window into mechanisms guiding normal social and cognitive development and its evolution. Through comparative analyses, we can begin to further understand how the function of specialized cells contributes to interspecific variation in cognitive abilities. Previous research, however, has not found differences in inhibitory interneuron numbers or their distribution in cortical areas, including BA 9, BA 4, BA 32 and BA 44, between humans and anthropoid primates . The conserved phenotype displayed by inhibitory interneurons in the cortex suggests instead that other genetic and regulatory mechanisms contribute to differences in functional regulation of pyramidal cells by inhibitory interneurons. These may be particularly vulnerable to the effects of cognitive dysfunction manifested in neuropsychiatric disorders.
The contribution of neurotransmitter systems to cortical function likely implicates key species-level differences in the distribution of neurotransmitter fibers and varicosities [Raghanti et al., 2008a [Raghanti et al., -c, 2010 , which contribute to differences in the function of assemblages of cortical neurons. Specifically, loss of cholinergic innervation in schizophrenia [Sarter et al., 2005] and ASD [Lam et al., 2006] plays an important role in imbalances in calcium regulation in GABAergic interneurons, particularly CBreactive double bouquet cells, which are major sites of cholinergic inputs [Xiang, 1998] . Given that distinctive clusters of cholinergic fibers were found in human and chimpanzee prefrontal cortex, but not in macaques, fundamental differences in cholinergic innervation likely play a role in cognitive differences [Raghanti et al., 2008c] . This might be related to species-level differences in the organization of the nucleus basalis of Meynert [Raghanti et al., 2011] , where cholinergic projections originate. Additionally, differences in serotonergic innervation seem to play a role in cognitive symptomatology in schizophrenia via regulation of oscillatory frequencies [Puig and Gulledge, 2011] . Serotonergic innervation shows some evidence of species-specific patterning, with greater innervation in BAs 9 and 32 in layers V/VI of the human and chimpanzee cortex as compared to macaques [Raghanti et al., 2008b] . Further, differences in dopaminergic innervation in layers III and V/VI among humans and chimpanzees, but not macaques, have been noted. This is of particular interest given that layer VI shows a pattern of decreased dopaminergic innervation in schizophrenic subjects as opposed to controls in BA 9 of the prefrontal cortex [Akil et al., 1999] . Given the involvement of BA 9 in theory of mind tasks [Gallagher and Frith, 2003] , variation in neurotransmitter innervation in this area might contribute to inter-and intraspecific variation in mentalizing and social cognition.
Overall, the dysfunction of cortical interneurons in a variety of neurodevelopmental disorders involving deficits in cognition points to their crucial role in supporting normal behavior. Similar to pyramidal neurons, their distribution and morphology bear further investigation in comparative studies. Aberrations of neuronal circuitry contributing to selected deficits in cognition are not restricted to the cortex, however, and we must also consider the functional role that differences in cellular organization may play in subcortical systems supporting behavior.
Beyond the Cortex: Subcortical Systems for Behavioral Control
Given that subcortical regions share diverse connections with the cerebral cortex, and in light of the phylogenetically dynamic nature of cortical modification [Semendeferi et al., 1998 Bauernfeind et al., 2013] , it should be expected that subcortical structures reflect the changes in the cortical areas with which they share connections [Vilensky et al., 1982] . Our recent analyses of subcortical structures in a broad sample of primate species have shown that some have not kept pace with the expanding cerebral cortex, while others are disproportionately enlarged [Barger et al., 2014] . Whereas two limbic structures, the amygdala and hippocampus, scale larger in humans than would be expected in a hominoid brain of its size, the striatum falls below expected values for total volume among anthropoids. This has interesting implications for the intrinsic organization of these structures, such that relative size of structures may affect cell density and number, and the distribution of different cell types within interconnected regions of the brain.
The amygdala, for example, has been shown to be an important site of reorganization in the evolution of the human brain. Volumetric reorganization of the basolateral division has been marked by differential expansion of discrete nuclei, with the lateral nucleus undergoing disproportionate increases, compared to the basal nucleus, which constitutes the largest subdivision in non-human apes [Barger et al., 2007] . These important volumetric differences are reflected in reorganization at the cellular level: the lateral nucleus in humans shows disproportionate increases in total cellular number when compared to nonhuman apes [Barger et al., 2012] . The shift in emphasis on the lateral nucleus in human evolution, which shares dense connections with the expanded temporal cortex, likely underlies functional differences in emotional pro- 147 cessing and social cognition, which helps to account for behavioral differences between humans and our closest living relatives.
The total volume of the hippocampus has not been shown to stand out as differentially enlarged in primate species [Barton, 2000] , though its reorganization may underlie key differences. In a small sample of insectivores, rodents and three species of primates, discrete regions of the hippocampus were found to have increased in relative size among primate species [West, 1990] . Therefore, comparative data may show important differences in the distribution of neuronal types and their morphology in the human hippocampus related to its relative increase in size in the human lineage [Barger et al., 2014] . This suggests the potential for modification at the cellular level underlying specializations in learning and memory.
Other subcortical structures have been shown to be sites of reorganization in the human brain. The hominoid thalamus shows differential changes in the size of several of its nuclei, with evidence for modifications at the cellular level. Among motor components of the thalamus, the ventrolateral complex has about 1.5 times as many neurons in humans as are found in the same region in great apes [Armstrong, 1980a] . In its association territories, the human pulvinar nucleus scales larger than expected as compared to other hominoids, and contains nearly twice as many neurons [Armstrong, 1981] . Among the anterior nuclei, most closely associated with limbic connectivity and function, major differences in the relative size of these nuclei have not been found. While a general decrease in cell density is a feature common to most thalamic nuclei in humans, this trend is less pronounced in the anterior nuclei, suggesting differential migration of greater numbers of neurons to limbic-associated territories in the thalamus during development [Armstrong, 1980b [Armstrong, , 1986 . Indeed, differences in migration have been noted in regions of the human thalamus, which attract migrating streams of GABAergic interneurons from the telencephalic ganglionic eminence, as compared to the diencephalic origins of these interneurons observed in the development of the macaque brain [Letinic and Rakic, 2001] .
Many other subcortical structures of potential interest for human cognitive evolution remain unexplored with respect to how changes in relative size have affected their intrinsic organization at the cellular level. Elements of the basal ganglia are of particular interest, owing to their important role in cognition and behavior. Evidence from cognitive studies has increasingly elucidated the importance of the striatum, particularly the caudate nucleus, as a site of integration for higher-order processes, including action selection, decision making, and reward-based and associative learning [Grahn et al., 2009; Balleine and O'Doherty, 2010] , as well as inhibitory control of behavioral responses to stimuli [Aron and Poldrack, 2005] . Recent findings have shown that inhibitory control of behavior varies in species-specific patterns based on ecological and behavioral factors [Shumaker et al., 2001; Amici et al., 2008; Wobber et al., 2010] . The involvement of the caudate in planning and the execution of motor sequences [Graybiel, 1998; van den Heuvel et al., 2003] , essential for tool use and production, further hints at its important role in human cognition. Furthermore, insights from Huntington's disease, which causes volumetric loss and cell death in the caudate, have highlighted its functional importance in recursive elements of language, such as syntax and hierarchical structure [Longworth et al., 2005; Teichmann et al., 2006] , which are defining features of human language [Pinker and Jackendoff, 2005; Read, 2008] .
Analyzing potentially aberrant neuronal distributions in neurodevelopmental disorders that seem to implicate subcortical structures as sites of dysfunction also helps to elucidate mechanisms underlying uniquely human features of cognition. In autism, for example, the amygdala seems to be particularly affected by developmental processes inherent to the disorder. While Schumann and Amaral [2006] found no volumetric differences in the size of the whole amygdala or its main constituent nuclei, substantial reductions in cell numbers in the lateral nucleus were observed, which may contribute to selective deficits in social behavior. Increases in neuron number in the lateral nucleus were found to be a unique feature of the human amygdala as compared to apes, which might underlie functional differences contributing to uniquely human features of emotional regulation and cognition [Barger et al., 2012] .
Just as differences in the organization of the cortex have been noted between humans and non-human hominoids, reorganization of subcortical structures, including limbic regions, seems to be an important feature of the human brain's evolution. Targeting disruptions in their intrinsic microstructure in neuropathological conditions, and how this affects cognition and behavior, is of key importance for inferring functional consequences of evolutionary reorganization. Disorders that affect language use, social cognition, object-focused intelligence and other features of human cognition that may be scaled up in our lineage are of particular interest for understanding anatomical specializations and their function. Particularly where the genetic mechanisms guiding variations in neural circuitry may be discernable, we can begin to examine the developmental processes underlying functional variations in neural systems.
Modeling Human Evolution through Genetic Disorders: The Case for Williams Syndrome
A variety of neurodevelopmental disorders affect important features of human cognition and behavior. The processes underlying pathological variation are often complex and involve diverse genetic mechanisms, as is the case in schizophrenia [Eisenberg and Berman, 2010] and ASD [Freitag, 2007] , which seem to involve a high rate of de novo mutations [Sebat et al., 2007; Sanders et al., 2012] . Other neurodevelopmental disorders, particularly those with a more well-defined genetic etiology, may provide better models for studying links between neuropathology, function and variation in human evolution. Disorders such as Williams syndrome that are caused by a known deletion can provide a 'living knock-out model' for studying associations between atypical genotypes and neuropathological phenotypes [Bellugi et al., 1999; Järvinen-Pasley et al., 2008] . Williams syndrome is a rare genetic disorder caused by a hemizygous deletion of about 26-28 genes on chromosome band 7q11.23. This region has undergone a number of sweeps of purifying selection in the hominoid lineage suggesting it is a 'hot spot' for genomic change in recent human evolution [Antonell et al., 2005] .
Williams syndrome is characterized by multiple systemic effects, including distinctive facial morphology, slowed growth and cardiac abnormalities [Williams et al., 1961; Beuren et al., 1962] , in part related to the deletion of the gene for elastin, which is used as the definitive marker for the disorder. Individuals with Williams syndrome additionally display a relatively predictable and consistent cognitive and behavioral phenotype, including global reductions in total IQ, particularly with respect to visuospatial intelligence [Meyer-Lindenberg et al., 2006] . Curiously, individuals with Williams syndrome have been shown to demonstrate linguistic capacity characterized by elaborated vocabulary and unusually expressive use of phrases [Reilly et al., 2004; Udwin and Yule, 2005] , but struggle with elements of syntax, grammatical structure and embedded meaning [Karmiloff-Smith et al., 1997; Brock, 2007] . Among the most salient features of Williams syndrome, affected individuals tend to show an abnormally high drive to engage in social and affiliative behavior, and exhibit an unusual willingness to approach strangers [Doyle et al., 2004; Järvinen-Pasley et al., 2008] .
Specific cognitive impairments in Williams syndrome have been linked to a variety of structural and functional abnormalities noted in patients diagnosed with the disorder. Brains of individuals with Williams syndrome tend to be smaller overall than in typically developing individuals [Jernigan and Bellugi, 1990] , with notable size reductions found in the parietal lobule [Eckert et al., 2005] , occipital gray matter [Reiss et al., 2000] , intraparietal sulcus and orbitofrontal cortex [Meyer-Lindenberg et al., 2006] . Functional abnormalities have been demonstrated with respect to primary auditory [Levitin et al., 2003 ] and visual perception [Atkinson et al., 2007] . Additionally, deficits in object-focused and spatial cognition and memory have implicated the dorsal visual stream [Atkinson et al., 2003 ] and hippocampal formation [Meyer-Lindenberg et al., 2005a] .
To date, histological studies in Williams syndrome have targeted primarily cortical areas. The primary visual cortex in a postmortem sample of Williams syndrome patients showed abnormalities in cell size and packing density [Galaburda and Bellugi, 2000] . Additionally, the primary auditory cortex shows no significant difference in cell density, despite lacking differences in asymmetry in this region as compared to normal controls. A greater proportion of larger neurons in layer II of the primary auditory cortex, as well as enlarged neuronal size in layer IV [Holinger et al., 2005] , suggests differences in connectivity with limbic regions that reflect differences in emotional reactivity to sound, particularly music.
Subcortical structures merit further study in Williams syndrome to determine microstructural abnormalities that underlie tradeoffs between cognitive deficits and conserved or enhanced processes that manifest in the disorder. Given structural abnormalities present in the hippocampal formation, and its importance in spatial cognition, cytoarchitectural study of this region is warranted [Meyer-Lindenberg et al., 2005a , 2006 . Additionally, the amygdala has shown decreased reactivity to threatening stimuli and fearful faces in individuals with Williams syndrome as compared to typically developing controls [Meyer-Lindenberg et al., 2005b] . Investigations of cellular distributions and morphology in the amygdala will help to elucidate the limbic correlates of emotional processing differences displayed in Williams syndrome [Doyle et al., 2004; Bellugi et al., 1999] .
Evidence from functional imaging studies has also suggested that the striatum may be differentially affected by developmental abnormalities characteristic of the disorder. Hypersociality and increased affiliative drive in Williams syndrome patients represent selected deficits in 149 the ability to suppress behavioral responses [Frigerio et al., 2006] . Attention deficit hyperactivity disorder is a frequent comorbid diagnosis in these individuals [Carrasco et al., 2005] . Mobbs et al. [2007] showed slower reaction times among Williams syndrome patients in a go/no-go task as compared with typically developing control participants, and substantially reduced BOLD signal activity in the striatum was observed. Given the role of frontostriatal circuits in controlling behavioral responses, microstructural abnormalities in the striatum, and particularly the caudate [Reiss et al., 2004] may underlie behavioral deficits in response inhibition and the control of behavioral responses.
Features of language use in Williams syndrome further point to a role for the striatum in the disorder's neurogenetic phenotype. Deficits in sentence morphology and syntax [Karmiloff-Smith et al., 1997] indicate difficulty in encoding rules of proper language use and grammatical structure [Clahsen, 1998; Thomas and Karmiloff-Smith, 2005] . Given the role of the striatum in recursive elements and rule encoding in language use and acquisition [Teichmann et al., 2006] , these processing abnormalities might be related to differences in striatal microstructure.
Perhaps the best-described feature of individuals with Williams syndrome includes what has been described as hypersociability and the intense drive to engage in social interactions with strangers. Given this exaggerated proclivity to engage in affiliative behavior, as well as heightened reactivity to emotional stimuli, such as music, Dai et al. [2012] expected to find an increase in basal levels of the social neuropeptide oxytocin in adult individuals with Williams syndrome as compared to typically developed control participants. Indeed, individuals with Williams syndrome had higher baseline levels of oxytocin, and these results correlated positively with social approach, and negatively with adaptive social behavior. Given the relationship between oxytocin receptors and dopaminergic input to the nucleus accumbens [Carter, 1998; Insel, 2003; Aragona et al., 2006] , differences in dopaminergic innervation in the ventral striatum, as well as the morphology of the nucleus accumbens, hint at a functional role of the subcortical systems in modulating these behavioral features.
Preliminary analysis of pyramidal neurons in Williams syndrome has revealed anomalies in the organization of dendritic trees specific to a particular cortical layer. In layers II/III the neurons displayed aberrations from typical cells across cortical areas as seen in controls , whereas in layers V/VI the neurons displayed more elaborated dendritic branching compared to controls [Chailangkarn et al., 2013] . Interestingly, the deletion that causes Williams syndrome, at the 7q11.23 chromosomal region [Osborne et al., 1996] , is duplicated in some cases of ASD [Sanders et al., 2012] . At the same time, the two disorders are characterized by different social, cognitive and verbal phenotypes. A comparison between Williams syndrome and ASD at different levels, encompassing macroanatomical and microstructural changes, cognition and genetic underpinnings of each disorder, can offer an exciting new paradigm for evolutionary analyses encompassing several levels of inquiry across several scientific fields.
Conclusions
Ecological pressures, including the increased complexity of the social milieu, have driven the development of a highly specialized morphology in primate taxa. Despite the importance of the human brain's anatomical specializations for providing the material substrate to support extraordinary behavioral flexibility, complex cognition, and language as hallmark features of human evolution, relatively little is known about the reorganization of the brain that supports these unique faculties. While studying the evolution of the brain through fossil endocasts offers the only direct evidence of its expansion and potential reorganization, these investigations are limited to examining changes in the size and external gross morphology of its structural features. Targeting indirect evidence through comparative approaches allows for inferences to be made about human brain evolution from a phylogenetic perspective. A variety of noninvasive, nondestructive neuroimaging techniques, including magnetic resonance imaging and diffusion tensor imaging, allow for the comparative study of brain structure in extant taxa, and can provide great insights into structure and the connectivity of structures, respectively.
Changes in the volume and connectivity of brain structures often entail an increase in total neuron number and processing capacity, and evidence at the microstructural level continues to reveal unique patterns of cellular organization, neurotransmitter distribution and development that show that the human brain is not simply an enlarged primate brain. Patterns of reorganization in the human brain remain enigmatic, and the effects that the expanding cerebral cortex has had on cellular distributions in cortical and subcortical regions as a result merit further study. Investigations of hominoid cellular neuroanatomy in comparative perspective have been limited by the practical considerations involved in securing rare brain materials from critically endangered great ape taxa. Analyzing potentially aberrant neuronal distributions in neurodevelopmental disorders, in addition to phylogenetic comparative approaches, will help to elucidate functional mechanisms underlying complex cognition. Given the dynamic and rapid changes observed in the region of the human genome deleted in Williams syndrome, and its unusual and consistent behavioral phenotype, understanding the effects of this deletion may further help us to better conceptualize the dynamic interplay of genetic influences and development on uniquely human neurobiology.
